Antibodies play a key role in acquired human immunity to Plasmodium falciparum (Pf) malaria and target merozoites to reduce or prevent blood-stage replication and the development of disease. Merozoites present a complex array of antigens to the immune system, and currently, there is only a partial understanding of the targets of protective antibodies and how responses to different antigens are acquired and boosted. We hypothesized that there would be differences in the rate of acquisition of antibodies to different antigens and how well they are boosted by infection, which impacts the acquisition of immunity. We examined responses to a range of merozoite antigens in 2 different cohorts of children and adults with different age structures and levels of malaria exposure. Overall, antibodies were associated with age, exposure, and active infection, and the repertoire of responses increased with age and active infection. However, rates of antibody acquisition varied between antigens and different regions within an antigen following exposure to malaria, supporting our hypothesis. Antigen-specific responses could be broadly classified into early response types in which antibodies were acquired early in childhood exposure and late response types that appear to require substantially more exposure for the development of substantial levels. We identified antigen-specific responses that were effectively boosted after recent infection, whereas other responses were not. These findings advance our understanding of the acquisition of human immunity to malaria and are relevant to the development of malaria vaccines targeting merozoite antigens and the selection of antigens for use in malaria surveillance.
Introduction
After repeated exposure to Pf malaria, individuals eventually develop effective immunity that controls blood-stage parasitemia and prevents symptomatic illness, as well as severe and lifethreatening complications [1] [2] [3] . Antibodies are a key component of this acquired immunity, and the targets of protective antibodies include antigens expressed by merozoites, the form of malaria parasites that invade human erythrocytes. Antibody responses toward several merozoite antigens have been variably associated with protection in exposed populations [4] [5] [6] . and malaria vaccine efforts have long been focused on merozoite antigens thought to be involved in erythrocyte invasion [2, 7] . Protective antibodies are believed to act by inhibiting merozoite invasion of erythrocytes [8] [9] [10] [11] [12] ; antibody-dependent, cellmediated mechanisms [13] [14] [15] [16] ; and antibody-complement interactions to inhibit invasion [17] . However, currently, we have only a partial understanding of the targets of protective bloodstage antibodies and how responses to different antigens and overall immunity are acquired and maintained.
The complexity of the Pf merozoite presents a large array of antigens to the immune system. Protective humoral immunity is therefore likely to be comprised of an antibody repertoire directed toward multiple antigens [5, 6, 18] . Until recently, only a small number of the many potentially important merozoite antigens have been well studied as immune targets [2, 4] , and even less have had their antibody function defined [7] . Recent studies have begun to identify additional candidate targets of protective immunity and show that there is a significant degree of relatedness between antibody responses and that antibodies to multiple, rather than single, antigens are typically associated with protection from clinical disease [5, 6, 18, [19] [20] [21] [22] [23] . Most previous epidemiologic studies of the acquisition of protective humoral immunity have focused on the response to selected single antigens or a very restricted number of antigens, particularly the leading merozoite vaccine candidate antigens, such as AMA1, MSP1, MSP2, and MSP3, or small combinations of antigens or allelic variants (see references cited in Fowkes et al. [4] ), and only a small number of studies have included multiple merozoite antigens (e.g., see refs. [5, 6, 23, 24] ) or antigens expressed on a microarray platform (e.g., see refs. [25, 26] ).
Although an increasing number of merozoite antigens are now being assessed as potential targets of immunity, the rate at which antibodies to different antigens are acquired and boosted is less well defined. Additionally, differing malaria transmission levels and study population characteristics may influence responses to different antigens [27] [28] [29] . Antibodies to many merozoite antigens have been shown to increase with age, in parallel with acquisition of clinical immunity [22, 23, 27, 30, 31] . However, comparisons of the rates and patterns of acquisition of multiple antibody responses may provide a further understanding of clinical immunity and the importance of individual or combined responses in its development. A valuable application of a detailed knowledge of humoral responses to malaria blood-stage antigens is in the use of serology for malaria surveillance. This can be used for identifying populations with ongoing exposure, evaluating the impact of malaria control interventions, monitoring for the reintroduction of malaria after successful elimination, or monitoring population immunity to aid the identification of populations at high risk [27, 32, 33] . However, there is presently only limited understanding of which antigens are valuable for this approach and how sensitive antigen-specific responses are to recent malaria exposure. A number of factors need to be considered in selecting antigens for use in serosurveillance, including the sensitivity and specificity of antibodies to infection or exposure and the rate at which antibodies decline after exposure (reviewed in refs. [27, 32, 33] ). Different antigens may be selected for different surveillance applications.
In light of these important gaps in our understanding, the major aims of this study were to evaluate the acquisition of antibodies to a broad range of different merozoite antigens, as well as advancing our understanding on the repertoire and relatedness of responses. We hypothesized that there are differences in the rates of acquisition of antibodies to different merozoite antigens and differences in the extent to which antibodies to antigens are boosted following infection. This knowledge is important for understanding how immunity to malaria is acquired and has implications for malaria vaccine development and for selection of antigens for use in serosurveillance approaches. More broadly, we aimed to advance our knowledge on human immune function, particularly in relation to the acquisition of antibodies to multiple antigens in children, which is an area that is poorly understood. To address these aims, we examined antibody responses to a broad range of merozoite antigens, including well-studied vaccine candidate antigens, as well less-studied merozoite antigens or antigen regions, such as the EBA140, EBA181, and EBA175 RIII-V (region III-V) and the PfRH and 6-cysteine domain antigens (Pf12, Pf41, Pf38). We examined responses in 2 cohorts from the same community, collected at different times and under different levels of malaria transmission. One cohort included children of all ages and adults, whereas the second focused on young children under 10 years of age. The use of 2 cohorts also enabled us to evaluate the effects of changing malaria transmission on acquisition of immunity and the repertoire of responses.
METHODS

Study site and populations
The study site of Ngerenya, North Kilifi district, coastal Kenya, has been described in detail previously [34, 35] . In 1997/1998, the predicted entomologic inoculation rate was 10 infective bites/person/yr [34] . The study sera used for investigations were collected cross-sectionally as part of 2 separate large longitudinal cohorts involving randomly selected households [35, 36] . The first set (n = 150) was selected randomly from the total number of samples collected in September 1998 from adults and children (n = 354) [35] . Following sample selection, study participants from this Ngerenya 1998 cohort were divided into 3 age groups, in broad agreement with age-associated incidence of clinical malaria in the area: 2-5, 6-14, and 15 yr or older (age range 18-81 yr; there were no 15-to 17-yr-olds). The second set of samples was collected from the same village in October 2002 and comprised 237 children aged 1-8 yr. This subset included all sera samples that were available from children $1 yr of age and was derived from a larger cohort of Ngerenya children (,8 yr, n = 297), followed continuously from 2001 to 2005 [36] . Six monthly cross-sectional bleeds were conducted, and the children were followed by active surveillance for symptomatic illness, involving weekly visits to record body temperature and symptom history, with blood films prepared from those who were febrile or symptomatic. Additionally, carers were encouraged to attend dedicated clinics if febrile illness occurred between visits. The longitudinal data available for the 12 mo before the October 2002 cross-sectional bleed were used to assess the association between disease episode or parasitemia and subsequent antibody response. Clinical disease among the children $1 yr of age was defined as the presence of measured fever (axillary temperature .37.5°C), in conjunction with parasitemia, .2500 parasites/ml. This parasite-density threshold provided optimal sensitivity and specificity for symptomatic malaria for this study population [35] . For both cohorts, parasitemic status, defined as the presence of blood stage Pf, excluding gametocytes, was ascertained by a thick smear at time of blood sampling. Characteristics of cohort study participants according to age, gender, and parasitemic status are summarized in 
ELISAs
Serum antibodies to purified recombinant Pf antigens were assessed by ELISA, as described in ref. [38] . IgG was measured toward a panel of merozoite antigens with a known or potential role in Pf erythrocyte invasion [2] using recombinant antigens homologous to 3D7 or W2mef parasite genotypes, as well as the FC27 variant of MSP2, and against 3D7 schizont protein extract [38] . Details of the recombinant proteins, antigen, and antibody concentrations used are recorded in Supplemental Table 1 , and these antigens have been previously validated [5] . Recombinant proteins used in ELISAs were based on the 3D7 genotype for all antigens; for 3 antigens, an additional allele was used. This is the most widely used approach in the published literature, and prior studies have shown that antigens encoded by the 3D7 genotype are widely recognized across the globe in different populations (e.g., see ref. [4] ). We included a number of antigens that are conserved in sequence or have limited polymorphism. As such, most of the antibody response is to conserved epitopes, and therefore, antibody evaluation is not affected by possible strain differences in populations. These include MSP1-19, PfRH2, PfRH4, EBA140, EBA181, EBA175, Pf38, Pf41, and Pf12. For 3 antigens, we also included an additional allele: 1) For EBA175 RIII-V, we used the 3D7 and W2mef alleles, as this region of the protein has a dimorphic region, without other polymorphisms (e.g., see ref. [23] ). Therefore, these 2 genotypes cover all antigenic diversity in this region. 2) For MSP2, we used proteins representing the 2 major allelic forms of this protein-3D7 and FC27; these 2 forms capture the great majority of antigenic diversity for this antigen (e.g., see ref. [39] ). 3) For AMA1, we included the W2mef allele, in addition to 3D7, as this antigen has polymorphic epitopes, and the W2mef allele has antigenic differences from 3D7 (e.g., see ref. [40] ).
Sera were tested in duplicate, together with 7-10 nonexposed United Kingdom or Melbourne control samples. Positive sera from adult malariaexposed PNG (Papua New Guinea) donors (n = 3) and PBS blanks (n = 2) were included as plate controls to allow standardization of values to account for any plate-to-plate variation. 
Statistical analysis
Statistical analysis was performed using Stata Version 9 (StataCorp, College Station, TX, USA). ELISA data showed non-normal distribution with a positive skew, so they were analyzed using nonparametric methods. The association between continuous variables and categorical variables was assessed using a Wilcoxon rank-sum test or Kruskal-Wallis test. The association among categorical variables was assessed using a x 2 or Fisher's exact test. Spearman's rank correlation coefficients were used to assess the association between 2 continuous variables. Individuals with ELISA antibody levels $75th percentile value were defined as "high responders." Results were examined for all Ngerenya 1998 (n = 150) and Ngerenya 2002 (n = 237) cohort samples and then following stratification, according to age group and parasitemic status. Data exclusions for both cohorts were made as a result of insufficient sample volume for ELISA testing against all antigens; the total number of cohort samples tested against each antigen is listed in the relevant tables.
RESULTS
Differing rates of acquisition of antibodies to merozoite antigens in relation to age and exposure
We compared the pattern of antibody responses with different merozoite antigens across different age groups and relative to IgG with schizont extract (used as a broad marker of exposure to blood-stage malaria). We examined responses in 2 different cohorts performed at different times in the same community ( Table 1 ). The 1998 cohort was designed to evaluate responses across a broad age range, including children of all ages and adults; the 2002 cohort was designed to examine responses in young children in more detail. Additionally, the comparison of the 2 cohorts allowed us to evaluate the effects of malaria transmission on antibody responses.
For the Ngerenya 1998 cohort of adults and children, the antibody levels to most merozoite antigens increased significantly with age group (Table 2) , although different patterns of age association were seen. For example, age-associated acquisition of antibodies appeared strong for MSP1 and the EBA antigens but was weaker for both PfRH2 antigens, with a more prominent antibody response shown among the youngest children than seen for MSP1 and the EBA antigens. The median antibody levels to the MSP2 and MSP4 antigens were notably high among older children (6-14 yr) compared with younger children (2-5 yr). For the AMA1 antigens, antibody levels were significantly highest among 6-to 14-yr-old children (P , 0.001). The median antibody levels to MSP1 and the EBA antigens were notably high among adults rather than children (6-14 yr). In considering antibody levels to the 6-cys proteins (Pf38, Pf41, and Pf12), age association was seen only for Pf41 and Pf12 and when comparing children only (2-5 vs. 6-14 yr; P , 0.05; Table 2 ). In most cases within the cohort, similar age associations were seen when examining proportions of high antibody responders. For level of IgG, similar age acquisition patterns were seen for EBA175 RIII-V and EBA175-F2 and for PfRH2-2530 and PfRH2-2030, although the proportion of high responders to PfRH2-2530, but not PfRH2-2030, was greatest among the older children (6-14 yr; P = 0.021).
With the exception of the 6-cys antigens, IgG levels to most antigens were significantly, positively correlated with age [median (IQR) of all r s values, 0.35 (0.23-0.44); Supplemental Table 2 ]. Correlations were strongest for the MSP1 antigens (MSP1-19 r s = 0.43, P , 0.001; MSP1-42 r s = 0.46, P , 0.001) and EBA antigens [EBA175 RIII-V r s = 43, P , 0.001; EBA175-F2 r s = 0.47, P , 0.001; EBA 175(W2mef) RIII-V r s = 0.54, P , 0.001] and weaker for AMA1 (r s = 0.23, P = 0.005), PfRH2-2030 (r s = 0.22, P = 0.006), and PfRH4 (A3 construct; r s = 0.24, P = 0.003). Similar associations were seen when analysis was done in children aged 1-15 yr.
These results suggest that antibodies are acquired to merozoite antigens at different rates in the Ngerenya 1998 cohort. An "early" rate of antibody acquisition, with relatively prominent responses present among older children, seemed to occur toward AMA1 and to some extent, MSP4, PfRH2, Pf41, and Pf12. In comparison, a "late" antibody response, which took longer to develop among children and was much more prominent among adults, was evident for MSP1-19 and the EBA(III-V) antigens.
We also examined the acquisition of antibodies within a second Ngerenya cohort consisting of young children (Ngerenya 2002) . Although the levels of antibody within this cohort were generally lower, patterns of antigen-specific IgG acquisition with age were similar to those seen in the Ngerenya 1998 cohort ( Table 3) , despite the differing transmission levels (Table 1) .
Significant increases in antibody responses with age occurred for most antigens. However, no significant associations with age groups were seen for antibody responses to MSP1-19, EBA175, and EBA140; these are antigens that appeared to induce a late antibody response in the Ngerenya 1998 cohort, characterized by acquisition in older children and adults. With the consideration of the antibody response to different regions of the same antigen, significant age association was seen for the EBA175-F2 (P , 0.001) and EBA140 RII (P , 0.001) antigenic regions but not for the III-V regions of EBA175 (P = 0.361) or EBA140 (P = 0.065; Table 3 ). Associations with age groups were strongest for those antigens associated with an early antibody response [AMA1, MSP4, EBA140 RII, and EBA175-F2 (r s = 0.42-0.48, P , 0.001; Supplemental Table 3 ].
Effect of concurrent parasitemia on antibody levels and age associations
Within the Ngerenya 1998 cohort, median IgG responses were significantly higher among participants who were parasitemic rather than aparasitemic at the time of sample collection for MSP2(3D7), MSP2(FC27), MSP4, AMA1(3D7), AMA1(W2mef), EBA140 RIII-V, EBA175-F2, SERA5, and Pf12 (Table 2) . A greater frequency of high responders was observed only for those antigens for which an early antibody response was seen within this cohort: MSP4, AMA1(3D7), AMA1(W2mef), PfRH2-2530, and Pf12. IgG responses to schizont extract did not differ according to the presence or absence of parasitemia. Higher antibody levels with parasitemia were more pronounced in children than in adults; among children only (n = 100), significant elevation with parasitemia was seen for IgG levels to all antigens other than MSP1-19 and Pf41 (Table 2) . Additionally, among the Ngerenya 2002 children, higher antibody levels in association with parasitemia were observed for all merozoite antigens other than EBA181 and EBA175 (Table 3 ) and for schizont extract.
Age associations with IgG responses within the Ngerenya 1998 cohort were influenced by parasitemia status (Fig. 1 and Supplemental Table 4 ). An age-associated increase in IgG to most merozoite antigens was evident among individuals who were aparasitemic at sample collection. In contrast, among parasitemic individuals, associations between IgG responses and age were seen only for merozoite antigens that showed a late antibody response: MSP1-19, MSP1-42, EBA140 RIII-V, EBA175 RIII-V, EBA175-F2, and SERA5. A similar analysis was performed among P # 0.05 is significant, comparing antibody levels among children only (n = 100), children 2-5 and children 6-14 yr, using a Wilcoxon rank sum test (P values not shown).
Ngerenya 1998 children only (n = 100); among aparasitemic children, significant age association was no longer evident for IgG to MSP1-19, EBA175(W2mef) RIII-V, PfRH4-A3, and SERA5, reflecting the finding of a late antibody pattern of acquisition to these antigens, most prominent among adults and generally low among children (Supplemental Table 4 ); however the reduced sample size may have impacted power to detect differences.
Antibody responses in association with recent malaria or parasitemic episodes
The longitudinal nature of the Ngerenya children's cohort enabled us to examine the effect of recent malaria or parasitemia episodes on acquisition or boosting of antibodies to different antigens. Within the Ngerenya 2002 cohort, antibody levels were compared for children who had 0 versus 1 or more recorded episodes of parasitemia or symptomatic malaria in the 6 or 12 mo before the October 2002 sample collection and antibody testing ( Table 4) . Comparisons were made among aparasitemic children only (n = 218), as concurrent parasitemia was associated with raised antibody levels to most antigens, as shown above. The pattern of antibody response was similar when either prior parasitemic episodes or disease episodes were considered. However, the strength of associations was generally stronger for history of parasitemic rather than malaria episodes. Children who had experienced 1 or more episodes of parasitemia in the 6 mo before the sample collection had significantly higher antibody levels toward MSP2(FC27), MSP4, AMA1, EBA140 RII, EBA175-F2, and PfRH2-2030 than children who had experienced no episodes. Children who had experienced parasitemia within the 12 mo before the October 2002 bleed also showed higher antibody levels to MSP1-19, MSP2(3D7), PfRH4-BR, and Pf38, in addition to other antigens, compared with those who had not. Antibody levels to the EBA III-V antigens and PfRH4-A3 were generally low, and no differences were seen. Antibody levels to schizont extract were also highest for children who had experienced parasitemic or disease episodes.
Relatedness among responses to different antigens
Significant correlations existed among IgG levels to most merozoite antigens. However, the strength of correlation varied greatly for different antigen pairs and reflected the differing antigen-specific rates of antibody acquisition already noted (Supplemental Tables 2 and 3 
The breadth of antibody response toward multiple antigens
Within the Ngerenya 1998 cohort, ;71% (n = 107) of individuals were high IgG responders (defined as responses in the top quartile) to at least 1 merozoite antigen, and 45% (n = 67) and 22% (n = 33) of individuals were high responders toward 3 or more or 6 or more antigens, respectively ( Fig. 2A) . The proportion of individuals who were high IgG responders increased with age group (P , 0.007; x 2 test), demonstrating an increasing breadth of antibody response with age (Fig. 2B) . The proportion of individuals who were high responders to 1 or more antigens was positively associated with parasitemia (P , 0.001; Fig. 2C ), but the association was not significant for $3 or $6 antigens (P . 0.118).
DISCUSSION
We currently have only a partial knowledge of the complex humoral response directed toward the malaria merozoite. Until recently, the focus of studies of human immunity has been directed toward a small number of potential vaccine candidate antigens. The limited number of studies investigating the antibody responses against multiple merozoite antigens of Pf has restricted examination and comparison of the differing features of the antigen-specific responses. In this study, we used sera from a cohort of Kenyan adults and children to establish Sign., Significance.
a Comparisons were made using only cohort children who were aparasitemic at the time of blood collection (n = 218).
b
All alleles are 3D7 unless otherwise specified.
c P values calculated using a Kruskal-Wallis test. understanding of antibody profiles toward a panel of merozoite antigens. Similar investigations were also performed using samples collected at a time of lower malaria transmission from young children of the same community. This approach allowed comparison of antibody responses toward different antigens, between similar and dissimilar antigenic regions, as well as among children of both cohorts. An increase in antibody response was generally seen with age, exposure, and parasitemia. However, we showed varying profiles of antibody responses toward different merozoite antigens and in some cases, toward different regions of the same antigen. This variation in antibody response profiles occurred in an antigen-specific manner, despite differing malaria transmission levels for the 2 cohorts, and became most apparent as a result of our ability to assess responses in adults as well as children. These antigen-specific patterns of antibody response and their associations with epidemiologically relevant measures of exposure are summarized in Table 5 . Age-associated increases in antibody levels have been shown toward merozoite antigens in many sero-epidemiologic studies and are thought to reflect cumulative exposure to malaria [42] . However, an early rate of antibody acquisition, with relatively prominent responses present among children was seen toward particular antigens, such as AMA1, and to a lesser extent, toward MSP4, PfRH2, Pf41, and Pf12. In comparison, a late development of the antibody response, with prominence of this response only among adults of the same cohort, was evident for other antigens, such as MSP1-19, PfRH4, and the EBA(III-V) antigens. Antibody levels were also strongly influenced by parasitemia, particularly among children, with a rise in antibody levels to merozoite antigens with parasitemia most prominent as part of the early antibody response among children, with a pattern suggesting that more stable seroprevalence develops subsequently among older children and adults. However, the antibody response associated with parasitemia also reflected antigen specificity, most evident in the Ngerenya 1998 cohort; among children, elevated antibody levels associated with parasitemia were seen only for those antigens, such as AMA1, that induced an early response, whereas among parasitemic adults and children, an age-associated For this study, assay conditions were optimized for individual antigens, so antibody response patterns, but not absolute OD values, can be compared between different antigens and cohorts. Validation of protein regions used in ELISA assays has been carried out previously [5, 38] , suggesting that the antigens used do, at least partially, reflect the native conformation of merozoite proteins. Additionally, responses to all antigens were associated, to varying degrees, with age and parasitemia, and there were little or no responses among unexposed Melbourne donors, further validating protein suitability for use in measurement of the malaria-specific immune response. Among the Ngerenya 1998 cohort, the levels of antibody to the 3 6-cys proteins varied greatly and were not associated with age. The response was particularly low toward Pf38, despite testing at high antigen and antibody concentrations. These merozoite surface antigens are exposed to the immune system [43] , and Pf12 and Pf38 are present at copy numbers similar to well-characterized MSPs [44] . An SDS-PAGE of the recombinant proteins showed no major protein breakdown, and assay validity was suggested by the high level of reactivity toward each antigen, with positive control sera and some cohort samples, and little reactivity by samples from nonexposed donors. The folding of these recombinant proteins has been established in previous studies [43, 45] , suggesting that the results with the 6-cys proteins are not explained by lack of folding.
To understand further the acquisition of antibodies and gain insights into the potential use of various antibodies as biomarkers of exposure for serosurveillance applications, we evaluated whether children with recent malaria or parasitemia episodes had higher antibody levels compared with children who had not had recent infection. The use of longitudinal data from the Ngerenya 2002 cohort showed that children who had experienced previous episodes of parasitemia or disease had higher antibody responses to those antigens that induced an early-type antibody response, such as MSP4 and AMA1. In comparison, no differences in antibody levels in relation to recent infection were observed toward the EBA III-V antigens in which responses were generally low among children (Table 5 ). Antibody responses directed toward the early response-type antigens therefore appear to provide a more sensitive marker of recent previous exposure among young children than that to other tested merozoite antigens. A number of recent studies have also provided new data on antigen-specific responses that may be valuable biomarkers of exposure. For example, these include MSP2, AMA1, and the EBAs [46] [47] [48] [49] among the antigens we have examined in this study. Comparisons of merozoite antibodies between cohorts of children with different ages and therefore, different levels of exposure and immunity suggested that antibodies to merozoite antigens act as good biomarkers of malaria risk in populations with low-background immunity but evolve to become biomarkers of immunity in those with higher cumulative exposure and higher levels of immunity [46] . In young children, antibodies to merozoite antigens were also shown to be closely related to the molecular force of infection (the number of infections with new Pf genotypes during the period of follow-up) [46] , supporting the principle that repeated infections lead to the gradual acquisition of high-level antibodies to merozoite antigens. A valuable extension of these findings would be to evaluate the acquisition of functional antibodies to specific antigens. Unfortunately, this is not presently possible, as assays to evaluate antigen-specific, functional antibodies to a range of merozoite antigens are lacking.
There are several potential reasons for the differing rates of antibody acquisition to merozoite antigens. Our study results suggest that there are differences in the inherent immunogenicity of different malarial antigens or epitopes, which has been previously proposed [25, 27, [50] [51] [52] [53] [54] . Observed variations in antibody response patterns to different antigens suggest differential recognition or handling of antigens by the immune system or differing antigen-specific sensitivities or requirements for antibody boosting or memory responses. The rate of antibody response may reflect antigen structural properties, including protein sequence features, secondary or tertiary structural features, or accessibility of epitopes to immune processing [50, 55, 56] . For example, the repetitive amino acid sequences, present in some antigens (e.g., MSP2), appear to be immunodominant [56] , and the complex disulfide-bonded structure of antigens, such as MSP1-19, has been suggested to impede antigen processing or presentation [50, 55] . The rate of age-associated immune maturation [3] may also vary among antigens. The decay rates of antibodies toward merozoite epitopes are not fully understood. Age, transmission intensity, and exposure history are influencing factors [27, 49, 57, 58] , although further studies are required to determine whether specific merozoite antigens elicit longer-lived responses [59] . The predominant subclass of antibodies produced has been shown to be antigen specific [22, 60] , but broad antigen properties did not predict the antigenspecific profiles of IgG acquisition in this population (data not shown). The rates of conversion of B cells to secretory states or long-lived plasma cells [25, 42] and their propensity for apoptosis [61] or conversion to "exhausted" states [62] [63] [64] following malaria infection could also differ with antigen specificity, influencing age-seroprevalence profiles.
Several approaches were used to evaluate the repertoire and relatedness among antibody responses. Strong correlation of antibody responses was shown among those antigens found to have an early antibody acquisition pattern within both the Ngerenya 1998 and the Ngerenya 2002 cohorts. Additionally, the very strong correlations of IgG responses shown for the alternative allelic variants of MSP2 and AMA1 suggested coacquisition of antibodies to the different alleles. We explored the use of principle component analyses but did not find that this added substantially to our interpretation and analysis of data. Further identification and comparison of the varying antibody response rates to multiple merozoite antigens may contribute to understanding better the basis of these differing response patterns, including antigenic features that predict immunogenicity. Knowledge of these complex patterns of evolution of antibody responses against the pattern of clinical immune acquisition may aid in identifying immunologic responses that mediate anti-parasite or age-related immunity [1, 3, 65] ; for example, the early-type IgG responses by young children to antigens, such as AMA1, may contribute to immune acquisition against severe and symptomatic malaria, whereas the later-type IgG responses apparent to multiple antigens could increase the levels of immunity and contribute to an overall effective response.
An increased understanding of the differing patterns of antibody acquisition to merozoite antigens could prove particularly valuable in the public health application of malaria serology [33] . As an increasing number of countries progress toward malaria elimination [66] , there has been refocus on the potential role of malaria sero-epidemiology as a low-cost population screening tool, particularly when transmission levels are low [33, 67] . Population serological responses have been used to indicate malaria transmission levels and changes over time [27, 32, 68] , as well as to identify foci of malaria transmission [69] . Currently, only a limited number of merozoite antigens have been assessed as sero-epidemiological markers of Pf malaria [27, 28, 46, 47, 49, 70] . A comprehensive understanding of the induction of antibodies, according to antigen specificity, level of exposure, and association with current or recent infection, could aid the tailored selection of antigens for serosurveillance, and these results have been summarized for our study in Table 5 . For example, antibodies to MSP4, as well as AMA1, were acquired early and were readily inducible following malaria exposure, so testing against both of these antigens could increase seroepidemiologic sensitivity in areas of low transmission. Alternatively, serological testing, including the EBA antigens, as well as MSP1-19, could inform the existence of established malaria transmission in a target population. Further studies, such as this one, which increase knowledge of the specific age-seroprevalence response profiles to multiple antigens, particularly among younger age groups and under conditions of differing transmission, may aid development of a robust sero-epidemiologic tool in which a suitable antigen or antigen combination could be selected according to epidemiologic circumstance or study-specific requirements [27, 33, 69, 71] .
In conclusion, with the comparison among malaria-exposed adult and children of the antibody responses to a range of merozoite antigens or antigenic regions, we showed that the patterns of antibody acquisition varied in an antigen-specific manner, despite differing malaria-transmission levels. Our results suggested that antibodies to some antigens are acquired early in exposure to malaria, whereas other responses are acquired later, after greater exposure to malaria. We also identified particular responses as potentially sensitive markers of recent malaria infection among young children. Further, similar studies that allow comparison of antibody-response profiles to multiple antigenic regions, with similar as well as dissimilar features and across a variety of age groups and malaria transmission levels, may improve our ability to detect and predict these differing responses. This broad approach presents a rational and efficient use of epidemiologic studies and provides information that may aid development of sero-epidemiologic tools. Furthermore, the identification of proteins or protein regions that are naturally immunogenic in humans and the understanding of how they are acquired and boosted by recent infection may aid the selection of antigens for vaccine development and vaccine evaluation. 
